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Note on  M o l t e n - S a l t  R e a c t o r  S t r a t e g i e s  
A t s u y u k i  S u z u k i  a n d  Miche l  ~ r e n o n "  
I .  I n t r o d u c t i o n  
Wolf H a f e l e  and  Alan  S .  Manne [ I ]  p r e s e n t  a  model 
o p t i m i z i n g  s t r a t e g i e s  on a t r a n s i t i o n  f rom f o s s i l  t o  n u c l e a r  
f u e l s :  s u b s t i t u t i o n  o f  LWR and FBR f o r  c o a l  f o r  t h e  u s e  o f  
e l e c t r i c i t y ,  and  o f  hyd rogen  from HTGR p r o c e s s  h e a t  f o r  
pe t ro l eum-and-gas  f o r  t h e  u s e  o f  n o n - e l e c t r i c a l  e n e r g y .  
T h i s  p a p e r  t r e a t s  a n o t h e r  t r a n s i t i o n  f rom f o s s i l  t o  
n u c l e a r  f u e l s ,  i . e .  t h a t  f rom c o a l  t o  t h e  m o l t e n - s a l t  r e a c t o r  
(MSR) f o r  e l e c t r i c a l  u s e ,  and  f rom pe t ro l eum-and-gas  t o  MSR 
p r o c e s s  h e a t  f o r  n o n - e l e c t r i c a l  u s e .  
MSR t e c h n o l o g y  o f f e r s  i m p o r t a n t  a d v a n t a g e s  f o r  power 
g e n e r a t i o n :  a v o i d a n c e  o f  f u e l  e l e m e n t  f a b r i c a t i o n ,  r a p i d  
and  i n e x p e n s i v e  r e p r o c e s s i n g ,  o n - l i n e  r e f u e l i n g ,  h i g h  s p e c i f i c  
power ,  good n e u t r o n  economy and  h i g h - t e m p e r a t u r e  o p e r a t i o n  a t  
low p r e s s u r e .  A r e v i e w  o f  t h e  s t a t u s  and  f u t u r e  o f  t h e  PISR 
program,  [21 s u g g e s t s  t h a t  t h e  MSR t e c h n o l o g y  s h o u l d  s t i l l  b e  
c o n s i d e r e d  as  one o f  t h e  p o s s i b l e  n u c l e a r  o p t i o n s  f o r  e n e r g y  
s u p p l y .  T h e r e f o r e ,  i t  i s  w o r t h  w h i l e  t o  s t u d y  t h e  MSR 
s t r a t e g y  as w e l l  as  t h e  FBR and  HTGR s t r a t e g i e s .  
The aim o f  t h i s  p a p e r  i s  t o  compare t h e  MSR s t r a t e g y  
w i t h  t h e  Hafele-Manne s t r a t e g y  v i a  a n  example o f  t h e  o p t i m a l  
t r a n s i t i o n s  b a s e d  on MSR t e c h n o l o g y ,  as  opposed  t o  t o d a y ' s  
s i t u a t i o n  where  v i r t u a l l y  a l l  e l e c t r i c a l  and  n o n - e l e c t r i c a l  
e n e r g y  demands a r e  met by c o a l  and  pe t ro l eum-and-gas ,  
r e s p e c t i v e l y .  
11. A n a l y t i c a l  Method and  I n p u t  Data 1 
The e n e r g y  s u p p l y  s y s t e m  c o n s i d e r e d  h e r e  i s  shown i n  
F i g u r e  1. T h e r e  a r e  f o u r  MSR's: MSRF, MSR3, MSR5, and  MSR9, 
c l a s s i f i e d  i n t o  two t y p e s ;  
1) MSRF: T h i s  h a s  been  u n d e r  c o n s i d e r a t i o n  i n  F r a n c e  
[31 ( a n d  t h e  r e f e r e n c e  d e s i g n  h a s  been  made s o  t h a t  t h e  
r e a c t o r  s y s t e m  migh t  be  d e v e l o p e d  as s o o n  a s  p o s s i b l e )  
t o  p r o v e  t h e  t e c h n o l o g i c a l  and  economic f e a s i b i l i t y .  
F i r s t ,  t h e  f u e l  c i r c u l a t i o n  sys t em- - to  keep  c r i t i c a l i t y  
f o r  t h e  n e u t r o n  c h a i n  r e a c t i o n - - i s  n o t  d e s i g n e d  s o  a s  
t o  o p e r a t e  c o n t i n u o . u s l y  d u r i n g  t h e  . en t . i . r e  p l a n t  l i f e .  
" The a u t h o r s  a r e  g r e a t l y  i n d e b t e d  t o  M r .  Leo S c h r a t t e n h o l z e r  
f o r  h i s  h e l p  w i t h  t h e  c o m p u t a t i o n s  r e p o r t e d  h e r e .  
The r e a c t o r  must be  s h u t  down e v e r y  6 y e a r s  t o  
exchange  t h e  c o r e  f u e l ,  s o  t h a t ,  f o r  a  30-year  p l a n t  
l i f e ,  f i v e  r e f u e l i n g  s t a g e s  a r e  r e q u i r e d .  Second,  
w h i l e  t h e  r e a c t o r  u s e s  Th-Pu ( f i s s i l e )  i n  t h e  f i r s t  
s t a g e  and ~ h - ~ ~ 3 3  i n  t h e  f o l l o w i n g  f o u r  s t a g e s ,  t h e  
b r e e d i n g  r a t i o  o f  u2T3 i s  n e a r l y  1 . 0 ;  t h e  r e a c t o r  
i s  t h e r e f o r e ,  n o t  a c t u a l l y  a b r e e d e r  b u t  mere ly  
s e l f - s u s t a i n i n g .  
2 )  MSR3, MSR5, and  M S R ~ ' :  These  r e a c t o r  s y s t e m s  a r e  i n  
t h e  R / D  s t a g e  a t  Oak Ridge N a t i o n a l  L a b o r a t o r y ,  USA, 
[4]. The r e f e r e n c e  d e s i g n  i n d i c a t e s  t h a t  t h e y  have  
t h e  c l o s e d - l o o p  f u e l  c i r c u l a t i o n  s y s t e m  which  makes 
o n - l i n e  f u e l  r e p r o c e s s i n g  p o s s i b l e ,  h e n c e ,  e l i m i n a t i n g  
t h e  need t o  s t o p  o p e r a t i o n  f o r  r e f u e l i n g .  I n  a d d i t i o n ,  
t h e  b r e e d i n g  g a i n  o f  u233 i s  s u c h  t h a t  t h e  r e a c t o r  
c a n  b e  c a l l e d  a  b r e e d e r .  
Now, t h e  q u e s t i o n  i s  which compound s t r u c t u r e  o f  t h e  
ene rgy  s u p p l y  a l t e r n a t i v e s  min imizes  t h e  t o t a l  e n e r g y  c o s t s  
o v e r  t h e  g i v e n  p l a n n i n g  h o r i z o n  t o  meet exogenous e n e r g y  
demand, s u b j e c t  t o  t h e  f o l l o w i n g  c o n s t r a i n t s :  
- t h e  l i m i t e d  r e s e r v e s  o f  pe t ro l eum-and-gas ,  
- t h e  l i m i t e d  r e s e r v e s  o f  l ow-cos t  u ran ium,  
- t h e  l i m i t e d  i n d ~ s t ~ > i a l  c a p a c i t y  f o r  c o n s t r u c t i o n  of  
MSR'S, and 
- t h e  l i m i t e d  f i n a n c i a l  r e s o u r c e s  a v a i l a b l e  t o  t h e  
e n e r g y  s u p p l y  s e c t o r .  
The g e n e r a l  framework o f  t h e  a n a l y t i c a l  method t o  s o l v e  
t h e  problem i s  based  on  t h e  Hafele-Manne model .  So t h a t  
l i n e a r  programming o p t i m i z a t i o n  t e c h n i q u e s  can  be  u s e d ,  
HBfele-Manne make t h e  f o l l o w i n g  a s s u m p t i o n s :  
a )  t i m e - d i f f e r e n t i a l  e q u a t i o n s  a r e  t o  b e  app rox ima ted  
by two-po in t  d i f f e r e n c e  e q u a t i o n s ,  and  
b )  a l l  t h e  c o e f f i c i e n t s  o f  t h o s e  e q u a t i o n s ,  s u c h  as  
a n n u a l  d i s c o u n t  r a t e  and  r e l e v a n t  r e a c t o r  d a t a ,  a r e  
i n d e p e n d e n t  of  t h e  a c t i v i t y  l e v e l  o f  e a c h  v a r i a b l e .  
1 MSR3, MSR5 o r  MSR9 i n d e n t i f y  t h e  k i n d  o f  f u e l  u sed  a t  
t h e  b e g i n n i n g  o f  o p e r a t i o n .  MSR3 i 3 3 g t a r t e d  w i t h   which 
c a n n o t  be  i n t r o d u c e d  u n t i l  enough U f o r  i n i t i a l  i n v e n t o r y  
r e q u i r e m e n t  h a s  been  produced  by o t h e r  r e a c t o r s ;  MSR5 and 
MSR9 a r e  s t a r t e d  w i t h  u235 and Pu ( i ' i s s i l e ) ,  r e s p e c t i v e l y ,  
and  a r e  c o n s i d e r e d  t o  be  o f  u s e  when MSR3 c a n n o t  b e  p roduced .  
The m a t h e m a t i c a l  d e s c r i p t i o n  of  t h e  method f o r  o u r  
p rob lem i s  shown i n  t h e  Appendix.  
While  t h e  r e q u i r e d  i n p u t  d a t a  f o r  f o s s i l  f u e l  and  LWR 
t e c h n o l o g i e s  a r e  f i x e d  i n  a c c o r d a n c e  w i t h  t h e  d a t a  u s e d  i n  
t h e  Hafele-Manne model ,  t h e  d a t a  f o r  MSR t e c h n o l o g y  a r e  
a d d i t i o n a l l y  g i v e n .  They t a k e  i n t o  c o n s i d e r a t i o n  b o t h  t h e  
r e a c t o r  s p e c i f i c a t i o n s  i n  t h e  c o n c e p t u a l  d e s i g n  s t u d i e s  
[3,4'1 and  t h e  c o r r e s p o n d i n g  d a t a  f o r  t h e  FBR and t h e  HTGR 
employed i n  t h e  Hafele-Manne model .  T a b l e s  1 t o  3  g i v e  t h e s e  
i n p u t  d a t a  f o r  MSR's, compar ing  them w i t h  t h e  Hafele-Manne 
d a t a  f o r  t h e  FBR and t h e  HTGR. The u p p e r  bounds  on r e a c t o r  
c o n s t r u c t i o n  r a t e s  a r e  f i x e d  i n  s u c h  a  way t h a t  t h e  MSR's, 
w i t h  t h e  c l o s e d - l o o p  f u e l  c i r c u l a t i o n  s y s t e m ,  have  t h e  same 
bounds a s  t h e  HTGR o r  t h e  advanced  FBR i n  t h e  Hafele-Manne 
model :  MSRF h a s  bounds p e r m i t t i n g  e a r l i e r  i n t r o d u c t i o n .  
The MSRF d a t a  a r e  t a k e n  f rom [ 3 1  and  t h e  d a t a  f o r  t h e  
o t h e r  MSR's a r e  t a k e n ,  i n  p r i n c i p l e ,  f rom [ 4 1 .  Note  t h a t  t h e  
i n v e n t o r y  r e q u i r e m e n t s  o f  t h e  MSR c a s e  a r e  l e s s  t h a n  t h o s e  o f  
a l l  t h e  o t h e r  n u c l e a r  r e a c t o r  c a s e s .  
The c o s t  e s t i m a t e s  f o r  t h e  MSR's a r e  b a s e d  on  t h e  f o l l o w i n g  
c o n s i d e r a t i o n s :  
1 )  T h e r e  i s  no r e a s o n  why t h e  c u r r e n t  a n n u a l  c o s t s  f o r  
t h e  MSR's a r e  g r e a t e r  t h a n  f o r  t h e  FBR; hence  c o s t s  
f o r  t h e  MSR's w i t h  t h e  c l o s e d - l o o p  f u e l  c i r c u l a t i o n  
s y s t e m  a r e  assumed t o  b e  e q u a l  t o  t h o s e  f o r  t h e  FBR 
i n  HEifele-Manne model .  
2 )  It i s  s t a t e d  i n  [21 t h a t  t h e  c a p i t a l  c o s t s  f o r  t h e  
MSR's w i t h  t h e  c l o s e d - l o o p  s y s t e m  a r e  comparab l e  t o  
t h o s e  f o r  t h e  LWR. Thus f o r  a  more c o n s e r v a t i v e  
e s t i m a t e  on  MSR t e c h n o l o g y ,  w e  assume t h a t  t h e  
c a p i t a l  c o s t s  a r e  e q u a l  t o  t h o s e  f o r  t h e  HTGR o f  t h e  
Hafele-Manne model,  which a r e  a s s e s s e d  t o  be  10% 
g r e a t e r  t h a n  t h e  c o s t  f o r  t h e  LWR. 
3 )  I t  i s  c l e a r  t h a t  b o t h  t h e  c u r r e n t  and t h e  c a p i t a l  
c o s t s  f o r  t h e  MSRF a r e  l ower  t h a n  t h o s e  f o r  t h e  
o t h e r  MSR's--we assume by 10-20%. 
111. An I l l u s t r a t e d  Example 
The Hafele-Manne model c o n s i d e r s  f o r  f i n a l  demand 
p r o j e c t i o n s  t h r e e  k i n d s  o f  model s o c i e t i e s 1  . Here ,  model 
s o c i e t y  1 w i l l  b e  t a k e n  a s  a n  i l l u s t r a t i o n :  
be tween  t h e  y e a r s  1970 and 2015, t h e  p o p u l a t i o n  i n c r e a s e s  
f rom 250 l o 6  t o  360 l o 6  and t h e  p e r  c a p i t a  consumpt ion  
d o u b l e s  from 10  t o  20 kWth. 
l ~ o r  d e t a i l s ,  s e e  W .  YSfe l e  and A.S. Manne 1 1 1  , pp.  20-27. 
F u r t h e r m o r e ,  n u m e r i c a l  r e s u l t s  a r e  g i v e n  f o r  t h r e e  c a s e s .  
d e p e n d i n g  on  t h e  assumed pe t ro l eum-and-gas  r e s o u r c e  a v a i l a b i l -  
i t i e s  f o r  40 ,  60 a n d  80 y e a r s  of r e s o u r c e s ,  i n  t e r m s  of  t h e  
a n n u a l  consumpt ion  r a t e  which i s  e q u i v a l e n t  t o  35% o f  t h e  
w o r l d ' s  1970 p r o d u c t i o n  of  pe t ro l eum-and-gas ,  as 1 . 8 7 5 ~ ~  = . 0 5 6 0 . ~  
We w i l l  t a k e  t h e  c a s e  of 80 y e a r s  as a n  example ,  and w i l l  c a l l  
i t  c a s e  1 . 8 0  a f t e r  Hgfele-Manne. 
F i g u r e  2  and  3  d i s p l a y  t h e  c a l c u l a t i o n  r e s u l t s  t h a t  e x p r e s s  
two o p t i m a l  t r a n s i t i o n  s t r a t e g i e s  f o r  t h e  c a s e  1 . 8 0 ;  one  f o r  
t h e  MSR f u e l e d  w i t h  U-233, and  t h e  o t h e r  f o r  t h e  FRB f u e l e d  
w i t h  Pu. S e v e r a l  f e a t u r e s  o f  t h e s e  r e s u l t s  a r e  s t r i k i n g :  
a )  The c o a l  consumpt ions  a r e  e x a c t l y  t h e  same and  y e t  
t h e  pe t ro l eum-and-gas  consumpt ions  a r e  r e m a r k a b l y  
d i f f e r e n t .  With t h e  MSR s t r a t e g y ,  t h e  pe t ro l eum-and-  
g a s  r e s o u r c e s  consumed a r e  a p p r o x i m a t e l y  50 y e a r s  of 
t h e  8 0 - y e a r  a v a i l a b i l i t y ,  w h e r e a s  w i t h  t h e  FBR s t r a t e g y ,  
t h e y  a r e  a p p r o x i m a t k l y  70 y e a r s .  
b )  D e s p i t e  t h e  l e s s e r  c,onsumption o f  f o s s i l  f u e l s ,  t h e  
MSR s t r a t e g y  r e q u i r e s  n e a r l y  t h e  same t o t a l  n a t u r a l  
u r an ium consumpt ion  a s  t h e  FBR s t r a t e g y ,  as t h e  
i n t e g r a t e d  LWR i n s t a l l e d  c a p a c i t i e s  a r e  t h e  same f o r  
b o t h .  ( F i g u r e s  4 ,  5  and  6 ) .  3  
c )  Because  o f  a )  and  b ) ,  t h e  t o t a l  n a t u r a l  r e s o u r c e  
consumpt ion  o v e r  t h e  p l a n n i n g  h o r i z o n  i s  l e s s  f o r  
t h e  MSR s t r a t e g y  t h a n  f o r  t h e  FBR s t r a t e g y .  
d )  M a c r o s c o p i c a l l y  s p e a k i n g ,  t h e  MSRF i s  i n t r o d u c e d  i n  
a b o u t  1990;  and  t h e  MSR3 comes i n t o  u s e  30 y e a r s  
l a t e r ,  s i n c e  t h e  i n i t i a l  i n v e n t o r y  r e q u i r e m e n t s  f o r  
U-233 a r e  s u p p l i e d  m a i n l y  by t h e  r e t i r e d  c o r e  o f  
t h e  MSRF. 
e )  The s o l u t i o n  f o r  t h e  MSR s t r a t e g y  shows t h a t  i n  t h e  
d i s t a n t  f u t u r e  b o t h  e l e c t r i c a l  a n d  n o n - e l e c t r i c a l  
e n e r g y  demands c a n  b e  m e t  by one  t y p e  o f  MSR, i . e .  
MSR3; w i t h  t h e  FBR s t r a t e g y ,  t h e  FBR s u p p l i e s  t h e  
e n t i r e  e l e c t r i c a l  e n e r g y  demand and  t h e  HTGR s u p p l i e s  
t h e  e n t i r e  n o n - e l e c t r i c a l  e n e r g y  demand. 
T a b l e  4 summar izes  t h e  r e s u l t s  on  n a t u r a l  e n e r g y  
r e s o u r c e  consumpt ion  o v e r  t h e  p l a n n i n g  h o r i z o n .  
2 ~ o r  d e t a i l s ,  s e e  W .  Ht i f e l e  and A.S. Manne [ I ] ,  pp .  27-32. 
3 ~ i g u r e s  4 ,  5  and 6  a l s o  i l l u s t r a t e  a n  e x t r e m e  s t r a t e g y ,  
i . e . ,  LWR ( f o r  e l e c t r i c i t y )  and HTGR w i t h  U-235 ( f o r  non- 
e l e c t r i c a l  e n e r g y )  w i t h o u t  FBR. 
I V .  C o n c l u d i n g  Remarks 
A s  f a r  as  t h e  c a l c u l a t i o n  r e s u l t s  d e m o n s t r a t e d  h e r e  a r e  
c o n c e r n e d ,  t h e  MSR s t r a t e g y  i s  more e f f i c i e n t  t h a n  t h e  FBR 
s t r a t e g y  i f  we d e f i n e  e f f i c i e n c y  i n  t e r m s  o f  t h e  t o t a l  n a t u r a l  
r e s o u r c e  (pe t ro l eum-and-gas  and  u r a n i u m )  consumpt ion  o v e r  t h e  
whole  p l a n n i n g  h o r i z o n .  
It g o e s  w i t h o u t  s a y i n g  t h a t  t h i s  c o n c l u s i o n  depends  on 
t h e  i n p u t  d a t a  u s e d  n o t  o n l y  i n  a s s e s s i n g  t h e  MSR t e c h n o l o g y  
( T a b l e s  1 t o  3 )  b u t  a l s o  i n  p r o j e c t i n g  f u t u r e  e n e r g y  demands.  
The f u e l  b r e e d i n g  g a i n  f o r  MSR i s  l e s s  t h a n  f o r  FBR; t h e r e -  
f o r e ,  i f  f u t u r e  e n e r g y  demands a r e  p r o j e c t e d  t o  b e  c o n t i n u o u s l y  
i n c r e a s i n g  (model  s o c i e t i e s  2 and  3 o f  t h e  Hafele-Manne s t u d y ) ,  
FBR t e c h n o l o g y  w i l l  b e  t h e  more e f f e c t i v e .  F o r  model  s o c i e t y  
1, where e n e r g y  demands a r e  t o  b e  s t a t i o n a r y  f rom t h e  y e a r  
2015 on ,  t h e  MSR s t r a t e g y  seems t o  b e  t h e  more e f f e c t i v e .  
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T a b l e  2.  R e l e v a n t  r e a c t o r  d a t a .  
NUCLEAR PLANT TYPE i 
6  
Annual  Re qu i r em en t s  f o r  N a t u r a l  Uranium, 10 t o n  TWe-Y 
6  
I n v e n t o r y  R e q u i r e m e n t s  f o r  N a t u r a l  Uranium, 10 t o n  TWe 
6 
Annual  R e q u i r e m e n t s  f o r  S e p a r a t i v e  Work, 10 t o n  TWe Y 
6 
I n v e n t o r y  R e q u i r e m e n t s  f o r  S e p a r a t i v e  Work, 10 t o n  TWe 
3  
U-233 o r  P u ( f i s s i 1 e )  N e t  P r o d u c t i o n ,  10 t o n  TWe Y 
U-233 o r  P u ( f i s s i 1 e )  I n v e n t o r y  Demand, 10'ton TWe 
Thermal  E f f i c i e n c y  - 
1) a f t e r  W. H % f e l e  and  A.S. Manne [ I ] ,  p .  A-3. 
2 )  a f t e r  
3 )  a f t e r  R . C .  Robe r t son ,  e d .  [ 4 ] ,  p .  31 .  
4 )  t h e  d a t a  are made f r om  a n  a n a l o g y  o f  t h e  d a t a  f o r  MSR5. 
5 )  c o r r e s p o n d i n g  t o  1 . 5  ton/TWe o f  h i g h l y  e n r i c h e d  uran ium.  
6 )  t h e  c o r r e s p o n d i n g  a n n u a l  y i e l d  i s  8 %  ( . 0 8  x 2 .00  = . 1 6 ) .  
7 )  t h e  c o r r e s p o n d i n g  a n n u a l  y i e l d  i s  3 . 2 %  ( . 0 3 2  x 1 . 5 0  = - 0 5 ) .  
FBR 1) 
( a d v a n c e d )  
MSR 
.05  7  ) 
(u-233)  
1 . 5 0  
( U -  2  3  3  ) 
. 4 0  
8 )  t h e  s a m e  amount a s  f o r  U-233 of  MSR3 i s  t a k e n  f o r  s i m p l i f i c a t i o n  and h e n c e  t h e  d i f f e r e n c e  o f  
t h e  demand be tween  MSR9 and  MSRF i m p l i e s  m a i n l y  t h e  r e q u i r e m e n t  f o r  o u t - o f - c a s e  i n v e n t o r y .  
-8- 
Table 3. Cost coefficients. 
Energy Costs Current, 
for Electricity 
for Non-electrical Energy 
PETG (petroleum and gas) 1) 
ELHY (electrolytic hydrogen) 1) 
HTGR~) 
MS RF 
MSR3 
MSR5 
MSR9 
Intermediate Item 
Separative Work Units 1) 
High Cost Natural Uranium 1) 
Capital, Total 25 
Annual 
Energy 
Costs 
1) after W. ~afele and A.S. Manne [I], pp. B-2 to B-4. 
9 2) Units: for electricity, $10 /TWrh equivalent for LWR0Year 
9 for non-elec. e., $10 /TWrh equivalent for P.&G:Year, 
net capital recovery factor = 0.13/year (10% discount rate, 
and 30. year plant life), 
9 6 3) Unit: $10 /10 tons/year. 
Table 4. Natural energy resource consumption 
over the planning horizon (1970-20451. 
coal CQ = ~ O ~ ~ B T U I  
petroleum-and-gas (Q) 
Uranium (million tons) 
Strategies 
FBR-HTGR LWR-HTGR 
.67 
4.5 
20.50 ton 
ELECTRIC ENERGY NON -ELECTRIC ENERGY 
FIGURE 1. AN ENERGY 
SUPPlY lNG SYSTEM 
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4 
ENRICHMENT 
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------------------------------ 
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1 
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Figure 2b. YSR fueled with U-233 
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F i g u r e  6 .  N a t u r a l  uranium r e q u i r e m e n t ,  a n n u a l  and c u m u l a t i v e ,  where FBR 
c a n n o t  b e  i n t r o d u c e d  and  o n l y  LWR and  HTGR f u e l e d  w i t h  U-235 
a r e  u sed  f o r  e l e c t r i c i t y  and n o n - e l e c t r i c a l  e n e r g y ,  
r e s p e c t i v e l y  (Model S o c i e t y  1 . 8 0 )  . 
Appendix 
The Mathemat i ca l  D e s c r i p t i o n  o f  C o n s t r a i n t s  
1 .  I n s t a l l e d  c a p a c i t y  o f  e n e r g y  s u p p l y  s e c t o r  i, d e f i n e d  by 
3-year  t i m e  s t e p  d i f f e r e n c e  e u u a t i o n :  
a )  For  e l e c t r i c i t y  ( u n i t :  TWth o f  p r i m a r y  e n e r g y  i n p u t ) ,  
i = COAL, LWR, MSRF, MSR3, MSR5, MSR9, 
where t h e  i n i t i a l  c o n d i t i o n ,  
4 PCEEOAL = FDE 
b )  F o r  n o n - e l e c t r i  c a l  e n e r g y  ( u n i t :  TWth o f  p r i m a r y  
e n e r g y  i n p u t )  , 
i = PETG, ELHY, MSRF, MSR3, MSR5, MSR9. 
i n i t i a l  c o n d i t i o n ,  
4 
P C N ~ E T G  = FDN 
2 .  Upper bounds on  r e a c t o r  c o n s t r u c t i o n  r a t e s  (i = LWR, MSRF, 
MSR3, MSR5, MSR9) : 
a )  For  LWR, 
b )  For  t h e  o t h e r s ,  
MCR; i s  g i v e n  i n  Table  1 .  
3 .  Cumulat ive  sum o f  energy  r e s o u r c e  j : 
18 
a )  For  Coal ( u n i t :  10 BTU) , 
18 b )  For  PETG ( u n i t :  10 BTU) , 
6 
c)  For  NULC ( u n i t :  10 t o n s ) ,  
3 d) For  PLUT ( u n i t :  10 t o n s ) ,  
3 
e) For U233 (unit: 10 tons), 
t t-3 t-3 t-3 
"~233 = "~233 + 3[e3-n3(PCEMSR3+ PCNMSR3 1 
t-3 t-3 
+ e5*v5 (PCEMSR5 + P C N ~ ~ ~ 5  ) 
t- 3 t-3 
+ egong (PCEMSR9 + P C N ~ ~ ~ 9 )  
t- 30 t 
+ f3'n3 (DPEMSR3 - DPEMS~3) 
t-30 
+ f3*n3(DPNMSR3 - D P N ~ ~ ~ 3  t ,  
t-30 t-30 
+ f 3'n5 (DPEMSR5 + D P N ~ ~ ~ 5  1 
t- 30 t-30 + 
' " (DPEMSRg + D P N M ~ ~ ~ )  
t-30 t-30 
+ f3'nF(DPEMSRF + D P N ~ ~ ~ ~  ) 1 
4. Upper bounds on cumulative resource extraction: 
a) For COAL, no-limit. 
b) For PETG, 
t 18 < .03(10 BTU) 
"PETG 
- 
PCN;ETG (~~7th) x A~~~~ (year) . (TWth- year) 
c) In model society 1.80, 
PCN~ETG = 1.875(TWth) 
*PETG = 80 (year) . 
d) For NULC, 
6 
< 2.0 (10 tons) . 
"NULC - 
e)  F o r  NUHC, n o - l i m i t .  
5. Demand f o r  i n t e r m e d i a t e  i t e m :  
6 
a )  F o r  SWU ( u n i t :  1 0  t o n s / y e a r )  , 
6 .  F i n a l  demand: 
a )  F o r  e l e c t r i c i t y  ( u n i t :  TWth, LWR e q u i v a l e n t ) ,  
t " c t t "F t 
R 1 ~ ~ ~ ~  + (-) PCE COAL + PCELWR + (-) PCEMsRF 
"L "L 
-t t 2 FDE + PCNELHy , 
where 
TI, = . 4 0  t h e r m a l  e f f i c i e n c y  o f  c o a l  s t e a m  g e n e r a t i n g  
p l a n t .  
b) For  n o n - e l e c t r i c a l  e n e r g y  ( u n i t :  TWth, PETG e q u i v a l e n t ) ,  
- t 
>_ FDN , 
where 
rlu = 1 . 5  hydrogen u t i l i z a t i o n  f a c t o r ,  
rlE = . 8 0  hydrogen p roduc t i on  e f f i c i e n c y  by 
e l e c t r o l y s i s ,  
G P  = 1 . 0  BTU o f  PETG r e p l a c e a b l e  f o r  1 BTU o f  
p r o c e s s  h e a t  produced by MSR's. 
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